ABSTRACT The Escherichia coli RNA polymerase (RNAP) is a multisubunit protein complex containing the smallest subunit, u. Despite the evolutionary conservation of u and its role in assembly of RNAP, E. coli mutants lacking rpoZ (codes for u) are viable due to the association of RNAP with the global chaperone protein GroEL. With an aim to get better insight into the structure and functional role of u, we isolated a dominant negative mutant of u (u 6 ), which is predominantly a-helical, in contrast to largely unstructured native u, and then studied its assembly with reconstituted core1 (a 2 bb 0 ) by a biophysical approach. The mutant showed higher binding affinity compared to native u. We observed that the interaction between core1 and u 6 is driven by highly negative enthalpy and a small but unfavorable negative entropy term. Extensive structural alteration in u 6 makes it more rigid, the plasticity of the interacting domain formed by u 6 and core1 is compromised, which may be responsible for the entropic cost. Such tight binding of the structured mutant (u 6 ) affects initiation of transcription. However, once preinitiated, the complex elongates the RNA chain efficiently. The initiation of transcription requires recognition of appropriate s-factors by the core enzyme (core2: a 2 bb 0 u). We found that the altered core enzyme (a 2 bb 0 u 6 ) with mutant u showed a decrease in binding affinity to the s-factors (s 70 , s 32 and s 38 ) compared to that of the core enzyme containing native u. In the absence of unstructured u, the association of s-factors to the core is less efficient, suggesting that the flexible native u plays a direct role in s-factor recruitment.
INTRODUCTION
Protein-protein interactions play a vital role in a wide range of biological processes (1-3). Intersubunit interaction in a multisubunit protein complex is fundamental to the basic function of the protein. The prokaryotic RNA polymerase (RNAP) core enzyme, which is a multisubunit complex and performs gene transcription, is composed of five subunits: two a subunits, one b subunit, one b 0 subunit, and one u subunit. The core enzyme couples with one of the s-subunits, which promotes transcription initiation at the appropriate start sites, and mostly uncouples upon escape of the promoter (4, 5) .
Understanding the roles of individual subunits of RNAP is a prerequisite for following the complex mechanism of transcription. The functional characterization of RNAP has assigned specific roles to the different subunits, except for the smallest subunit, u, whose roles in transcription still remain elusive (6). It was observed that in bacteria, removal of the u-subunit does not impair the transcription process (7). Moreover, relative to the wild-type strain, the u knockout strain in Escherichia coli has been found to have slightly retarded growth but appears morphologically the same, implying that u may not be an essential subunit of RNAP (8,9). However, the crystal structure of Thermus aquaticus RNAP indicated that the spatial disposition of u in the holoenzyme is like a chaperone (10). This hypothesis was reinforced by subsequent work (11, 12) in which reconstitution experiments demonstrated that u is indeed like a chaperone for the largest subunit, b 0 , during the assembly of RNAP. However, upon deletion of u, other proteins pertaining to the same function get associated with RNAP (8). Thus, it is difficult to ascribe the importance of u in RNAP or to determine its fundamental role. With the aim of assigning a functional role to u, we created a dominant negative strain of E. coli in which the mutant protein (u 6 ), carrying an N60D mutation, is predominantly a-helical, in contrast to native u, which is largely unstructured and exhibits enhanced affinity for b 0 (13). The unstructured u falls into the category of intrinsically disordered proteins (IDPs). Recent studies highlight several instances of the importance of intrinsic disorder in proteins. The high intramolecular flexibility and conformational plasticity of IDPs allows them to bind to their target with high specificity and modulate their function (14-16). As u 6 has rigidity and strongly binds to the b 0 subunit, we envisaged that perhaps the flexibility in native u is required for the proper assembly and mobility necessary for catalysis. This turns out to be important, as the b 0 -u interacting domain is the target for several modulators, such as ppGpp (17, 18) . Thus, it is important to elucidate the thermodynamics of the interaction of structured and unstructured u with core1 (a 2 bb 0 ). In addition, we wanted to find out the impact of this inherent flexibility on the functioning of the enzyme. Previously, we established that the mutant u 6 remained strongly bound to the enzyme and the initiation of transcription was abrogated. If provided with preinitiated complex, RNAP containing u 6 elongates the RNA chain similarly to the wild-type enzyme (13). The initiation of transcription in bacteria requires assembly of a sÀfactor (s) with the core RNAP (a 2 bb 0 u (core2)) to form the RNAP holoenzyme (Es), which in turn recognizes promoter sequences. Switching among the s-factors that bind to core RNAP reprograms the cell's transcriptional networks, redistributing RNAP to promoters that are utilized under alternative conditions (4, 19, 20) . These s-factors dissociate from the RNAP core enzyme after transcription initiation. Thus, it is likely that the flexibility in u may have an influence on the association of s-factors to the core enzyme. To address this question, we studied the interaction of s-factors with the reconstituted core2 (a 2 bb 0 u variant ) to follow whether the structural disorder in u has a role in fine-tuning transcription.
In this work, we purified the wild-type u and its dominant negative variant, u 6 (13,21), and then studied their assembly with reconstituted RNAP (core1: a 2 bb 0 ). Subsequently the interaction of s-factors with reconstituted RNAP (core2: a 2 bb 0 u; mutated core2: a 2 bb 0 u 6 ) was also analyzed. Our results indicate that u is involved in maintaining the structural integrity of RNAP, as well as in s-factor recruitment, and that the intrinsic disorder that is present in u plays a crucial role in the proper functioning of the enzyme.
MATERIALS AND METHODS
Protein purification and reconstitution of E. coli RNAP from recombinant subunits The E. coli RNAP a-subunit (C-terminally His-tagged, a-His) was overproduced in BL21(DE3) using pETa plasmids and isolated under native conditions by Ni-NTA affinity chromatography (22). The other core subunits, b, b 0 , u, and the u-mutant (u 6 ), were overproduced using the plasmids pGETB, pRW308, pET-u, and pRPZM6 (11,13), respectively. These subunits were untagged and were purified from inclusion bodies as reported. The core enzyme was reconstituted by assembling the subunits in appropriate molar ratios, as described earlier (23). After reconstitution, the core enzyme was found to be active. The expression and purification of all the s-subunits of E. coli RNAP was carried out based on a previously published protocol (24). The purity of the resulting proteins was confirmed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (Fig. S1 ). The protein concentration was estimated using the Bradford assay with bovine serum albumin as a standard.
The Langmuir-Blodgett technique: Immobilization of core1 and u at the Langmuir monolayer
To form an Ni-arachidate monolayer on a Langmuir Blodgett (LB) trough (Nima Technology, Coventry, United Kingdom), 25 mL of arachidic acid (CH 3 (CH 2 ) 18 COOH, purity 99%; Sigma-Aldrich, St. Louis, MO) solution (1 mg/mL) in chloroform (HPLC grade; Merck, Rahway, NJ) was spread on 200 mL of 10 À4 M NiSO 4 solution in water (Milli-Q water (Millipore, Billerica, MA), resistivity 18.2 U$cm). The pH of the subphase was maintained at 7.4 with 2 mM Tris-HCl buffer and 10 mM NaCl. At this pH, the dissociation of arachidic acid will be complete, and it will form an Niarachidate template by interacting with the Ni þ2 present in the subphase (25). Previously, we followed the sequential assembly of the multisubunit E. coli RNAP at the interface and also established the chaperone-like role of u in the assembly pathway (22). In this study, we reconstituted the core enzyme (core1: a 2 bb 0 ) in the absence of u, and that core1 enzyme was introduced into the aqueous subphase when we were sure that the NiA monolayer had reached equilibrium (~30 min). (NiA monolayer usually takes 30 min to reach equilibrium). The final concentration of the protein was 6 nM. Subsequently, u subunits (2-45 nM) were added to the a 2 bb 0 monolayer and the product, a 2 bb 0 u (core2), was found to be active with full complementation of all subunits. To calculate the change in area per molecule due to addition of the protein, we recorded pressure-area (P-A) isotherms 1 h after injecting the u-subunit. A similar methodology was followed to study the interaction of the s-subunit with the different core enzyme. In such cases, the core enzyme was attached through the His-tagged a-subunit and different concentrations of s were subsequently added (24). All the measurements were carried out at a barrier speed of 25 cm 2 /min. We calculated the area per molecule values at a surface pressure of 12 mN/m when the monolayer was in its condensed state. A thermostat bath attached to the trough was used to maintain the temperature of the trough at (T 5 0.1) C.
Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were conducted in a MicroCal VP-ITC unit (MicroCal, Northampton, MA). The calorimeter was periodically calibrated and verified with dilution experiments described by the manufacturer so that the mean energy per injection was <1.30 mcal with a standard deviation of <0.015 mcal. The protocol involved injection of aliquots of degassed protein (u) solution from the syringe of the unit into the sample chamber containing the enzyme core1. Control experiments were performed by injecting identical volumes of protein (u) solution into the buffer. Each injection generated a heat spike, the intensity of which diminished as the binding progressed and remained constant as the saturation point was reached. The area under each heat-burst spike was determined by integration, using the Origin software to yield the measure of the heat associated with the injection. The heat generated in the control experiments was subtracted from the heat of the core1-u reaction to give the heat of the binding. The results were plotted as a function of the u/core1 molar ratio, fitted with one set of model binding sites, and analyzed using the software to give the binding affinity (K A ), the stoichiometry (N), and the molar enthalpy change of binding (DH) (26).
Surface plasmon resonance studies
We performed surface plasmon resonance (SPR) experiments with a Biacore 3000 instrument to calculate the affinity between u variants and core1 using a CM5 chip (GE Healthcare, Little Chalfont, United Kingdom). The chip was activated using a 1:1 mixture of NHS/EDC at a flow rate of 5 mL/min to give a reactive succinimide ester. The changes in the refractive index at the surface of the sensor chip were monitored. These changes are generally assumed to be proportional to the mass of the molecules
